The human mutation rate per generation estimated from trio sequencing has revealed an almost linear relationship with the age of the father and the age of the mother. The yearly triobased mutation rate estimate of ~0.43x10 -9 is markedly lower than prior indirect estimates of ~1x10 -9 per year from phylogenetic comparisons of the great apes. This suggests either a slowdown over the past 10 million years or an inaccurate interpretation of the fossil record.
Introduction
The current human mutation rate has been extensively studied through sequencing of thousands of trios (1-3). The consensus is that the rate increases almost linearly with the age of the parents with a higher rate of mutation from the father (2.51 per year) than from the mother (0.78 per year), yielding a mutation rate of 0.43x10 -9 per base pair per year (2) . The mutation rate is important for calibration of the molecular clock for dating evolutionary events in human ancestry, such as human population divergences, human-Neanderthal divergence and the split time with ancestors of the other great apes such as chimpanzees, gorillas and orangutans (4) (5) (6) . Extrapolating the present yearly human rate estimated from trios predicts average genomic split times with chimpanzees of more than 15 million years and orangutans at 35 million years and these estimates are difficult to reconcile with the fossil record (5, (7) (8) (9) (10) . It is possible that the mutation rate could have decreased over time in the lineage leading to humans. However, the great apes phylogeny almost supports a molecular clock with the chimpanzee, gorilla, and orangutan branches only being 2-3%, 6-7% and 11% longer than the human branch (7) . Thus, a decrease in human mutation rate per year would therefore have to be either very recent, be of small magnitude, or there might have been independent decreases in the different great apes lineages, perhaps due to a general longer generation time in all lineages (7, 11, 12) . One way to distinguish among these alternatives is to determine the present mutation rate in other great apes from trios. The first such study using a pedigree with six chimpanzee trios (13) reported a very similar per generation rate as in humans and a more male biased mutation contribution. However, the trios used had young parents suggesting a higher yearly rate than in humans. A recent study using deeper sequencing suggests a higher rate than in humans by about 30% (14) . 
Results
Here we call mutations in extended trios for chimpanzees, gorillas and orangutans sequenced to high coverage and combine our results with a reanalysis of the raw data from Venn et al (13) . We called de novo mutations using stringent quality threshold and used a probabilistic model to estimate the fraction of the genome where we would call de novo mutations-if they were there (15) . The mutation rate is the fraction of these two quantities and the quality threshold was determined as the minimum quality value where increasing the quality does not change the estimated rate (Q60, see supplementary Figure S1 ). The number of mutations called for each of the three species, together with our reanalysis of the previous published sequencing data set from six chimpanzee trios of an extended pedigree (13) is shown in Figure 1 . The estimated rates take the number of callable sites into account (presented in Supplemental Table S2 ) and is shown for each trio in Figure 1 . The number of mutations that could be assigned to parental origin using read-backed phasing are also shown. The distributions of mutations along the genome in the trios show a slight clustering as reported from humans (supplementary Figure S2 ) and there are no significant differences in their composition (supplementary Figure S3 ) among species. Furthermore, the estimated rates are very similar for the repetitive and non-repetitive parts of the reference genomes (supplementary Figure S4) , and the number of transmitted mutations to grandchild is not significantly different from 50% (supplementary Figure S5) . The estimated mutation rate correlates with paternal age across species (Figure 2a) .
Figure 2. Properties of de novo mutations
a) The estimated mutation rate as a function of paternal age. b) The estimated rates compared to the expected rates (95% CI). c) The histogram shows the distribution of Estimated / Expected rates for the human samples from (2) , and the vertical lines show the Estimated / Expected rates for the analysed great ape trios. d) The fraction of the mutations for which parent-of-origin could be assigned that came from the father (95% CI).
In order to turn the observed mutation rates in single generation pedigrees into a yearly mutation rate estimate for the different great apes species, we extrapolated the relationship with maternal and paternal age observed in humans (2) to the other great ape species. This relationship is: Mutation rate = 1.77x10 -9 + 7.26x10 -11 * maternal age (years) + 2.87x10 -10 * paternal age (years). This provides an estimate of the mutation rate expected for each offspring in the trios from the age of its parents at the time of birth. This expected rate is then compared to the observed rate in order to test for a change in yearly rates among the different great apes species (see Table 1 ). Figure 2b and Table 1 shows that under this strong assumption, the estimated yearly rates for chimpanzee, gorilla and orangutan are each shows these ratios compared to the range observed in 1548 human trios (2) , this is shown as a function of paternal age in Supplemental Figure S6 . Due to a higher number of cell divisions in the male germ line than in the female germ line, the mutation rate in humans is male biased. In all three great ape species we also find the majority of mutations passed on from the father, with the male bias highest in chimpanzee as reported previously (13), but the differences among the species are not statistically significant ( Figure 2d , Table 1 ). Among the mutations that can be assigned to parental origin (50-80% for the different trios), the number of mutations passed on increase significantly with paternal age but not with maternal age when species are combined (Supplemental Figure S7 ).
With these new mutation rate estimates we can revisit dating of the genomic divergence of the great apes. The great apes phylogeny is very close to adhering to a molecular clock with the chimpanzee branch slightly longer than the human branch (by 2%) and the gorilla branch longer by 6% (7) . For this to be consistent with our estimated rates, a slowdown in mutation rate in the human lineage must be very recent. It is therefore possible that even the dating of the human Neanderthal divergence is affected. This is in accordance with the higher rates by 20% observed when using the recombination clock (6) and also the branch shortening estimates from using the 45,000 year old human fossil (16) .
Figure 3. Estimates of great apes genomic divergence time and species separation times.
The estimated mutation rates per year for each species is extrapolated over the phylogeny to yield divergence time estimates (blue numbers) which are more recent than estimates based solely on the current estimate of the human mutation rate (green numbers). Estimated ancestral effective population sizes (pink numbers, in thousands) are used to estimate speciation separation time (speciation time, red numbers). Absolute and relative rates per year (+/-SD) calculated from human rate extrapolation, combined over individuals for each species. See supplement for details Figure 3 shows the timing estimates of great apes divergence based on extrapolation of the human rate estimates (green), and based on extrapolating the estimates we have obtained on the respective branches consistent with reported deviations from the molecular clock ( Figure 3 (blue), see also Methods for details). To turn these divergence time estimates into species separation time estimates we used previous estimates of ancestral effective population sizes(10), calibrated to the new rates (red numbers in Figure 3 ).
The apparent slowdown in mutation rate in the human lineage may be partly explained by humans having later onset of puberty and a longer generation time (human estimate 29 years, chimpanzee 24 years, gorilla 19 years, orangutan 25 years) (2, 11) . Later onset of puberty implies more years with very few mutations accumulating in males.
However, while these life history characteristics can explain the differences in branch lengths in the great apes phylogeny (11), they do not explain a reduction in mutation rate by about 40% in human trios compared to great apes trios. Most trios investigated have young parents (average 16.7 years females, 19.5 years males). This could explain a higher rate if the rate grows sub-linearly with parental age which, however, is not supported from human data (2).
Estimates of human mutation rate further back in time using the recombination clock have been reported as 0.55+/-0.05 per bp per billion years (6) . This rate falls almost exactly in between the trio-based rate in humans today and our estimated rates. It is possible that the large part of the slowdown in humans is very recent and perhaps caused by life style or environmental differences in the predominantly Caucasian populations where trios have been investigated for de novo mutations.
The speciation time estimates of great apes based on the new mutation rate estimates assuming a human slowdown pushes all speciation events closer to present time. A human chimpanzee separation time of 6.0 million years as we estimate is consistent with Ardipithecus (17) being on the human line, Orrorin (5-6 my old, (18) 
Materials and Methods

Samples
All blood samples were taken during routine health checks, and Convention on International 
Reanalysis of chimpanzee data of Venn et al
We downloaded the fastQ files from ftp://ftp.well.ox.ac.uk/panPed and analysed alongside our own sequencing data using the same pipelines.
Mapping
Reads were aligned to the following great apes reference genomes, respectively; Chimpanzee Pan_tro 3.0 (UCSC: panTro5) Gorilla GorGor4.1 (UCSC: gorGor4)
Orangutan WUGSC2.0.2 (UCSC: ponAbe2)
Using BWA version 0.7.15. The average mapped coverage of the new data is shown in Figure 1 and Supplemental Table S1 , and 90.8% of the aligned genome covered by at least 15 reads
Variant calling
The realigned and Base Quality Score Recalibrated BAM files were used as input for multisample genotyping for each species separately using the HaplotypeCaller of the Genome Analysis Toolkit version 3.8.
Identification of de novo single nucleotide variation
To limit the number of false positives we only consider a Mendelian violation as a possible de novo mutation if both parents in the family in question are homozygotes for the reference allele and if the variant is not called in any of the other families.
We apply these filters when we look for de novo mutations: ii. DP: number of reads for this individuals at this site.
iii. AD2: number of times the alternative allele is seen in this individual.
iv. lowQ_AD2: the number of low quality reads (not used in the calling) that contained the alternative allele. We calculate the denominator of the rate estimate following the same strategy as also previously described in Besenbacher et al. (15) To achieve a better estimate of the rate of de novo mutations in a trio, we base the denominator of the rate estimate on the probability at each site that we can call de novo mutation rather than simply counting a site as either callable or non-callable. The probability of calling site as a de novo mutation given that it is a true de novo mutation in the family we name the callability and denote it by ! !" !"#" ( ). The callability can be estimated independently for each family based on the depth of the family members at the site, and the expected number of callable sites in a given family is then the sum of the callability of all sites in that family.
Since the site filter is based on statistical tests that follow a known distribution we can estimate how many good sites we expect to be filtered away by this filter by looking at the null distribution of the tests and assuming that the two tests are independent. We denote by !"#$ the fraction of good sites that we expect to be filtered away.
The mutation rate of a family can then be estimated as:
|de novo mutations in after filtering|
Now let be a genotype (Hetero, HomRef or HomAlt) and consider for an individual the probability of calling it as at position (and not filtering it away) given that the individual truly is at . We denote this conditional probability by ! ! ( ) and it signifies the ability to
give a true call of at . Clearly this will be a function of sequencing quality at (not least the depth). If we assume that the ability to truly call each member of a family is independent, then the callability of a site in a given family can be calculated as the probability of calling each individual correctly after filtering:
Where , and indicate the child, father and mother of the family .
Assuming that ! !"#"$% is independent of the parental genotypes as long as they are conducive to a heterozygous offspring, we can estimate it by considering only variants where one parent is homozygous reference with high confidence and the other parent is homozygous for the alternative allele. At such sites the child should always be a heterozygote (barring de novo events). Using these sites only we can estimate:
where ( , ) is the depth at for the child and Similarly we can calculate:
Where is either or and ! !"" =variant-family pairs ′, ′ where all the children ′ has depth ( , ) = , and both parents in each family in question are HomRef for the variant, the variant is present in at least one of the other families after applying the sites filter and a conservative filter on the genotype quality of the parents. While the estimation of callability, as described above, reduces the effect of false negatives on the estimated mutation rate, it is still necessary to set the cutoffs in the filters so high that only very few or no false positives get into the set of estimated de novo mutations. We can fit the filter criteria by looking at the effect of different criteria on the rate estimate and the effect on how large a fraction of the called de novo variants are present in unrelated individuals from the same species. (Supplementary Fig. S1 ).
Based on these considerations we set the filter values at:
• ≥ 60 (for both the homozygote and heterozygote filter)
• ≥ 10 (for both the homozygote and heterozygote filter)
• RC <1.9 (for both the homozygote and heterozygote filter)
• 2 = 0 (for the homozygote filter)
• lowQ_AD2 = 1
The AlleleBalance filter was set based on the distribution of AlleleBalance in the children after applying the other filters
Parent of origin assignment of de novo mutations
We estimate the paternal origin of each de novo variant using the same strategy used in
Maretty et al. (1)
For each variant, X, we use o(X) to denote the parental origin of the alternative allele. The reads might provide conflicting evidence and to find the most likely parental origin we calculated a likelihood ratio comparing how likely it is that the alternative allele is on the paternal chromosome (o(X)=1) to how likely it is that the alternative allele is on the maternal chromosome (o(X)=0):
If ! is above one it indicates that the alternative allele of variant X is on the paternal chromosome and if ! is below one it indicates that it is on the maternal chromosome. The data that is informative about the PoO are the reads that cover both X and Y:
The probability that a read supports the true phasing is 1 if the read is mapped correctly and ½ if the read is not mapped correctly. We calculated the conditional probability of the read as:
is the probability that !" is mapped correctly (estimated from the phred score in the bam file) and the values of i and j is either "ref" or "alt" depending on whether the read contains the reference allele or the alternative allele at position X and Y. For inherited variants where the parental origin could be assigned by just looking at the genotypes of the family members, = 1 is calculated using the phred-scaled genotype probabilities of the three family members. If the PoO of variant Y has been assigned using read information we calculate = 1 from the estimated LR:
The assignment of parental origin is carried out iteratively until no additional variants can be assigned.
Estimation of yearly mutation rate
The mutation rate estimates for each of the great apes trios were converted into yearly estimates by extrapolating from the relationship between mutation rate and maternal and paternal parent age observed in humans. In humans, the best estimate is that the mutation rate in a child depend on the parental ages as follows:
Mutation rate = 1.77E-09 + 7.26E-11 * maternal age + 2.87E-10 * paternal age.
From this relationship, we calculate the expected mutation rate for each great ape trio taking parental ages into account and assuming the overall mutation rate per year is as in humans.
The relative mutation rate for each trio is then calculated as the observed rate divided by the expected rate from the relationship in humans with 95% confidence intervals.
Phylogenetic dating
We produced estimates of genomic divergence rates using the relative rates observed in each trio in the following way; from Scally et al. (10) we obtained the following average genomic divergences between:
Human and chimpanzee = 0.0137
Human and gorilla = 0.0175
Human and orangutan = 0.034
The great apes phylogeny deviates slightly from a molecular clock, according to Moorjani et al. (7) with the chimpanzee branch being 2% longer than the human branch, the gorilla branch 6% longer than the human branch since their common ancestry and the orangutan branch 11% longer than the human branch since their common ancestry. Using these numbers and focusing on the human branch the branch lengths from human to the common ancestor with the chimpanzee becomes 0.006713, with gorilla 0.008225 and with orangutan 0.01513.
Using the estimated chimpanzee mutation rate (0.72 per billion years) since the common ancestry between human and chimpanzee this corresponds to 9.46 my for humanchimpanzee average genomic divergence time, using the gorilla rate (0.66) since the common ancestry between human and gorilla this becomes 12.42 million years for human-gorilla average genomic divergence time, and using the orangutan rate (0.00079) since their common ancestry becomes 21.85 million years for the average human-orangutan geomic divergence time.
To turn the divergence numbers into estimates of species separation time (here equalled to speciation time) we used the ancestral effective population sizes reported in Scally et al. (10) scaled to the mutation rates assumed in the common ancestors yielding: Figure S1
. Determining quality threshold of genotype quality in the families. For each quality threshold (GQ), the Figure shows a. Number of mutations called, the callable number of genomic baspairs for that quality, c. these two divided as the mutation rate for the given child, d. the fraction of the called de novo mutations that are annotated as SNVs in databases, and e. the fraction of the mutations that can be assigned to the paternal parent (given that they can be assigned to one of the parents, typically 70% of the mutations, see Figure S4 . The mutation rate estimated for the non-repetitive and repetitive (from repeatmaker) part of the reference genomes (95% CI). The numbers can be found in Table S1 and S2. In none of the individuals are there significant differences between the regions. Supplemental Table S1 : Summary data for de novo SNV counts of different types
